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Abstract: The “second-parameter effect” is characterized by the existence of globular clusters (GCs)
with similar metallicity [Fe/H] (the “first parameter”) but different horizontal-branch (HB) morpholo-
gies. One of the primary second-parameter candidates is cluster age. In the present paper, we address
the following issue: “Are the age differences between second-parameter GCs, as derived from their
main-sequence turnoff properties, consistent with their relative HB types?” In order to provide an
answer to this question, several analytical formulae for the mass loss rate on the red giant branch
are analyzed and employed. The case of M5 vs. Palomar 4/Eridanus is specifically discussed. Our
results show that, irrespective of the mass loss formula employed, the relative turnoff ages of GCs are
insufficient to explain the second-parameter phenomenon, unless GCs are younger than 10 Gyr.
1 Introduction
Much recent debate has focused on the issue of whether age is the “second parameter” of
horizontal-branch (HB) morphology (the first parameter being metallicity [Fe/H]), or whether
the phenomenon is instead much more complex, with several parameters playing an important
role (VandenBerg 1999 and references therein). At the same time, most studies devoted toward
this issue have adopted a qualitative, rather than quantitative, approach to the second-parameter
phenomenon. More specifically, attempts to check whether a measured turnoff age difference
between two GCs would be consistent with their relative HB types have been relatively rare.
The main purpose of this paper is to report on some recent progress in this area.
2 Analytical Mass Loss Formulae for Cool Giants
Mass loss on the red giant branch (RGB) is widely recognized as one of the most important
ingredients, as far as the HB morphology goes (e.g., Catelan & de Freitas Pacheco 1995; Lee et
al. 1994; Rood et al. 1997). Up to now, investigations of the impact of RGB mass loss upon the
HB morphology have mostly relied on Reimers’ (1975) mass loss formula. We note, however,
that Reimers’ is by no means the only mass loss formula available for this type of study. In
particular, alternative formulae have been presented by Mullan (1978), Goldberg (1979), and
Judge & Stencel (1991, hereafter JS91).
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Figure 1: Mass loss rate for cool giant stars (JS91) is plotted against L/(g R) (panel a), g/R
3
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(b), R (c), and g (d). All quantities are given in solar units except for gravity which is in cgs
units. The continuous lines represent least-squares fits to the data [eqs. (1)–(4)]. The Pearson
and Spearman correlation coefficients are given. HST-GHRS results are also shown.
2.1 Mass Loss Formulae Revisited
As a first step in this project, we have undertaken a revision of all these formulae, employing the
latest and most extensive dataset available in the literature—namely, that of JS91. The mass
loss rates provided in JS91 were compared against more recent data (e.g., Guilain & Mauron
1996), and excellent agreement was found. If the distance adopted by JS91 lied more than about
2σ away from that based on Hipparcos trigonometric parallaxes, the star was discarded. Only
five stars turned out to be discrepant, in a sample containing more than 20 giants. Employing
ordinary least-squares regressions, we find that the following formulae provide adequate fits to
the data (see also Fig. 1):
dM
dt
= 8.5× 10−10
(
L
gR
)+1.4
M⊙ yr
−1, (1)
with g in cgs units, and L and R in solar units. As can be seen, this represents a “generalized”
form of Reimers’ original mass loss formula, essentially reproducing a later result by Reimers
(1987). The exponent (+1.4) differs from the one in Reimers’ (1975) formula (+1.0) at ≈ 3σ;
dM
dt
= 2.4× 10−11
(
g
R
3
2
)−0.9
M⊙ yr
−1, (2)
likewise, but in the case of Mullan’s (1978) formula;
dM
dt
= 1.2× 10−15R+3.2 M⊙ yr
−1, (3)
idem, Goldberg’s (1979) formula;
dM
dt
= 6.3× 10−8 g−1.6 M⊙ yr
−1, (4)
ibidem, JS91’s formula. In addition, the expression
dM
dt
= 3.4× 10−12 L+1.1 g−0.9 M⊙ yr
−1, (5)
suggested to us by D. VandenBerg, also provides a good fit to the data. “Occam’s razor” would
favor equations (3) or (4) in comparison with the others, but otherwise we are unable to identify
any of them as being obviously superior.
2.2 Caveats
We emphasize that mass loss formulae such as those given above should not be employed
in astrophysical applications (stellar evolution, analysis of integrated galactic spectra, etc.)
without keeping in mind these exceedingly important limitations:
1. As in Reimers’ (1975) case, equations (1) through (5) were derived based on Population I
stars. Hence they too are not well established for low-metallicity stars. Moreover, there
are only two first-ascent giants in the adopted sample;
2. Quoting Reimers (1977), “besides the basic [stellar] parameters . . . the mass-loss process
is probably also influenced by the angular momentum, magnetic fields and close com-
panions. The order of magnitude of such effects is completely unclear. Obviously, many
observations will be necessary before we get a more detailed picture of stellar winds in
red giants” (emphasis added). See also Dupree & Reimers (1987);
3. “One should always bear in mind that a simple . . . formula like that proposed can be
expected to yield only correct order-of-magnitude results if extrapolated to the short-lived
evolutionary phases near the tips of the giant branches” (Kudritzki & Reimers 1978);
4. “Most observations have been interpreted using models that are relatively simple (sta-
tionary, polytropic, spherically symmetric, homogeneous) and thus ‘observed’ mass loss
rates or limits may be in error by orders of magnitude in some cases” (Willson 1999);
5. The two first-ascent giants analyzed by Robinson et al. (1998) using HST-GHRS, α Tau
and γ Dra, appear to both lie about one order of magnitude below the relations that
best fit the JS91 data—two orders of magnitude in fact, if compared to Reimers’ formula
(see Fig. 1). The K supergiant λ Vel, analyzed by the same group (Mullan et al. 1998),
appears in much better agreement with the adopted dataset and best fitting relations.
Figure 2: Dependence of mass loss on age, for the chemical composition indicated at the lower
right-hand corner. For each mass loss formula, mass loss values were normalized to the highest
value, attained at an age of 24.3 Gyr.
In effect, mass loss on the RGB is an excellent, but virtually untested, second-parameter
candidate. It may be connected to GC density, rotational velocities, and abundance anomalies
on the RGB. It will be extremely important to study mass loss in first-ascent, low-metallicity
giants—in the field and in GCs alike—using the most adequate ground- and space-based facil-
ities available, or expected to become available, in the course of the next decade. Moreover, in
order to properly determine how (mean) mass loss behaves as a function of the fundamental
physical parameters and metallicity, astrometric missions much more accurate than Hippar-
cos, such as SIM and GAIA, will certainly be necessary.
In the meantime, we suggest that using several different mass loss formulae (such as those
provided in Sect. 2.1) constitutes a better approach than relying on a single one. This is the
approach that we are going to follow in the rest of this paper.
3 Implications for the Amount of Mass Lost by First-
Ascent Giants
The latest RGB evolutionary tracks by VandenBerg et al. (2000) were employed in an investi-
gation of the amount of mass lost on the RGB and its dependence on age. The effects of mass
loss upon RGB evolution were ignored. In Figure 2, the mass loss–age relationship is shown
for each of equations (1) through (5), and also for Reimers’ (1975) formula, for a metallicity
[Fe/H] = −1.41, [α/Fe] = +0.30. Even though the formulae from Section 2.1 are all based on
Figure 3: Difference in age (in Gyr) between M5 and Pal 4/Eridanus, derived for the several
indicated mass loss formulae, as a function of the assumed M5 age (also in Gyr). The hatched
areas correspond to the range in turnoff age differences between M5 and Pal 4/Eridanus, as
estimated by Stetson et al. (1999) and VandenBerg (1999) from deep HST photometry.
the very same dataset, the implications differ from case to case.
4 The Second-Parameter Effect: the Case of Pal 4/Eri-
danus vs. M5
Stetson et al. (1999) presented V , V − I color-magnitude diagrams for the outer-halo GCs
Pal 4 and Eridanus, based on HST images. Analyzing their turnoff ages, they concluded that
Pal 4 and Eridanus are younger than M5, a GC with similar metallicity but a bluer HB, by
1.5 − 2 Gyr. Based on the same data, VandenBerg (1999) obtained a smaller age difference:
1− 1.5 Gyr. Are these values consistent with the relative HB types of Pal 4/Eridanus vs. M5?
To answer this question, we constructed detailed synthetic HB models (based on the evo-
lutionary tracks described in Catelan et al. 1998) for M5 and Pal 4/Eridanus, thus obtaining
the difference in mean HB mass between them—which was then transformed to a difference in
age with the aid of the mass loss formulae from Section 2 and the RGB mass loss results from
Section 3. Figure 3 shows the age difference thus obtained as a function of the adopted M5
age, in comparison with the turnoff determinations from Stetson et al. (1999) and VandenBerg
(1999). Our assumed reddening values for Pal 4/Eridanus come from Schlegel et al. (1998);
had the Harris (1996) values been adopted instead, the curves in Figure 3 corresponding to the
different mass loss formulae would all be shifted upwards.
5 Conclusions
As one can see from Figure 3 our results indicate that, irrespective of the mass loss formula em-
ployed, age cannot be the only “second parameter” at play in the case of M5 vs. Pal 4/Eridanus,
unless these GCs are younger than 10 Gyr.
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